extraction because various resins of this kind are commercially available, allowing user to choose one appropriate for their purpose. In general, the extraction behavior of elements when using chelating resins obeys the complexing ability of the functional group immobilized on the base polymer. A variety of functional groups have been proposed for chelating resins as summarized in some review articles. [9] [10] [11] Among them, iminodiacetic acid (IDA) is widely utilized as a functional group of chelating resin. Because IDA is able to form complexes with various elements, 25, 26 IDA-type resin is available for the extraction of the elements. A number of IDA-type resins can be purchased from various suppliers. However, there are some problems with IDA-type resins. Alkaline earth elements, including Ca, which often interfere with the determination of target elements, are extracted on IDA-type resins over a wide pH range. 27 A washing process using a solution adjusted to the appropriate pH level is therefore required after the extraction; however, loss of target elements sometimes occurs during this process. The flow rate during the extraction process also significantly affects extraction efficiency. In many cases, low flow rate is required for quantitative extraction; the extraction process is therefore time-consuming.
Recently, a Nobias Chelate-PA1, in which both ethylenediamine triacetic acid (EDTriA) and IDA are immobilized as functional groups on a hydrophilic methacrylate resin, has also been commercially available. This chelating resin is able to extract various elements, such as Al, Cd, Co, Cu, Fe, Mn, Mo, Ni, Pb, Ti, U, and Zn, whereas alkaline earth elements are scarcely extracted on the resin at pH levels below 7.
28-38 Such performance is desirable for the analyses of real samples, which contain large amounts of alkaline earth elements; this resin has been applied for the separation and preconcentration of some elements in environmental [28] [29] [30] [31] [32] [33] [34] [35] [36] and biological 37, 38 samples. We have studied the usefulness of polymer/oligomer ligands for the separation and preconcentration of elements and have found that α-pyridylamino oligomer 39 and polythioamides [40] [41] [42] showed interesting performance, indicating that polymer/ oligomer ligands have the possibility of improving selectivity and efficiency in the extraction of elements. It is well-known that the stability constant for a complex of a transition element with aminocarboxylic acid, including IDA, ethylenediaminetetraacetic acid (EDTA), diethylenetriaminepentaacetic acid (DTPA), and triethylenetetraminehexaacetic acid (TTHA), generally increases with an increase in the number of ethyleneamine units in aminocarboxylic acids; IDA < EDTA < DTPA < TTHA. 25, 26 The difference between the stability constant of alkaline earth elements, such as Ca, and that of transition elements, such as Cd, Co, Cu, Fe, Ni, Pb, and Zn, also increase in that order. It is expected that aminocarboxylic acid with high molecular weight will have excellent potential as a functional group for chelating resin. Nitrilotriacetic acid (NTA), [43] [44] [45] EDTA (carboxymethylated ethylenediamine, CM-EDA), [46] [47] [48] DTPA (CM-diethylenetriamine, CM-DETA), 46,47,49-51  TTHA (CM-triethylenetetramine, CM-TETA) , [50] [51] [52] [53] and CMtetraethylenepentamine (CM-TEPA) 51 have been used as functional groups of chelating resins.
However, chelating resin is sometimes difficult to handle because of its fine particulate form; in many of the commercially available chelating resins used in analytical science the particle sizes are less than 100 μm. 27 To overcome this weak point, chelating materials with various forms, such as disk, 54, 55 needle, 56 monolith, 57 star bar, 58 and sheet forms, 59 have been developed. In recent years, chelating fiber has also attracted much attention as a material for the separation and preconcentration of elements. [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] Since chelating fiber can be processed readily into various forms, handling is often easier than that for chelating resin. It is also noteworthy that the extraction of elements proceeds rapidly in many cases using chelating fiber. A diffusive resistance to the pore of the base matrix, which is often considered to be a serious problem in the particulate resin with porous structure, is generally ignored in chelating fiber because the functional group is present on the surface of the fiber. Some techniques have been utilized for the preparation of chelating fibers; chemical grafting, 60, 61 radiation-induced or electronbeam-induced grafting, [62] [63] [64] [65] chemical modification, 66, 67 and impregnation. 68, 69 However, these preparation techniques are sometimes cumbersome and ineffective because multistep processes are required for the preparation. It would be therefore significant to establish a simple and effective preparation technique for chelating fiber.
In this review article, we summarize our recent works on the development of chelating materials having particulate-and fiber-forms. As a ligand, CM-pentaethylenehexamine (CM-PEHA) or CM-polyethyleneimine (CM-PEI), which is classified as an aminocarboxylic acid with relatively high molecular weight, is applied.
Chelating Resin
In a series of studies regarding the usefulness of polymer/ oligomer ligands for selective and effective solid-phase extraction of elements, we have found that CM-PEHA as a functional group has excellent potential. 70 CM-PEHA as a functional group can be synthesized on a resin immobilizing PEHA because PEHA are readily carboxymethylated by using chloroacetate. The performance of the CM-PEHA resin was investigated in detail. [70] [71] [72] Based on the results for the CM-PEHA resin, a chelating resin immobilizing CM-PEI has been developed; the CM-PEI resin, named Presep ® PolyChelate, can be purchased from Wako Pure Chemical Industries. 73 The potential of Presep ® PolyChelate was also compared with those of the other aminocarboxylic acid-type chelating resins that are commercially available. 27 The application of Presep ® PolyChelate for the separation and preconcentration of Mo was also demonstrated.
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2·1 Chelating resin immobilizing CM-PEHA
A PEHA was immobilized on a methacrylate resin, which was prepared by a suspension copolymerization of glycidyl methacrylate and ethylene glycol dimethacrylate using 2,2-azobis(isobutyronitrile) as an initiator, and was then classified at 45 -90 μm by sieving. The PEHA on the resin was carboxymethylated using sodium chloroacetate in an alkaline solution. By using the CM-PEHA resin (0.25 g as dry weight) packed in 6 mL of a reservoir for solid-phase extraction (Bond Elut Reservoir, Varian; 12 mm inner diameter), the extraction behavior for 62 elements was investigated. 70 The results for some elements are shown in Fig. 1 . The CM-PEHA resin was able to quantitatively recover various elements, such as Ag, Cd, Co, Cu, Fe, Ni, Pb, Ti, and Zn, and rare earth elements over a wide pH range. High recoveries were also obtained for Ga and In. V and Mo were effectively recovered under acidic and neutral conditions. The extraction capacities for Cu and Mo were 0.34 and 0.35 mmol L -1 , respectively. The flow rate ranging from 1.5 to at least 19 mL min -1 during the loading of the sample solution did not affect the quantitative recoveries. The extracted elements could be readily eluted using 3 mol L -1 nitric acid. On the other hand, alkali elements, such as Li, Na, and K, were scarcely extracted in the pH range of 2 -10. Mg, Ca, Sr, and Ba were also hardly recovered at pH levels below 7.
When the CM-PEHA resin was applied to the solid-phase extraction of some elements in the certified reference materials (EnviroMAT TM Wastewaer EU-L-I and Ground Water ES-L-1, SCP Science), the obtained values for Cd, Co, Cu, Fe, Mn, Mo, Ni, Pb, V, and Zn were nearly equal to the certified values. 70 The solid-phase extraction using CM-PEHA resin was applicable to the separation and preconcentration of the elements in treated wastewater and surface seawater. 70 The high preconcentration of Cd was also attempted to evaluate the performance of the CM-PEHA resin. 71 The sample solution was passed through a mini cartridge, in which 22 mg of the CM-PEHA resin was packed, using a peristaltic pump as shown in Fig. 2 . Cd was quantitatively extracted at pH 4.5 -7. The extracted Cd was perfectly eluted using 0.4 mL of 0.1 mol L -1 nitric acid. The recovery was little influenced in 40 -400 mL of sample solution; 1000-fold preconcentration was achieved. Quantitative recovery was achieved at flow rates of up to 7 mL min -1 . This preconcentration system was successfully combined with liquid electrode plasma atomic emission spectrometry (LEP-AES), in which the volume of the sample solution required for the measurement is less than 0.1 mL. [75] [76] [77] [78] For the analyses of the certified reference materials (EnviroMAT TM EU-L-I and ES-L-1), the obtained values were in good agreement with the certified values, although Cd was not detected from these certified reference materials by LEP-AES without preconcentration using the CM-PEHA resin. 71 The recovery of As using the CM-PEHA resin was insufficient. 70 It is known that As recovery could be improved by supporting some transition elements, such as Fe [79] [80] [81] [82] and Zr, [82] [83] [84] on the chelating resin. The CM-PEHA resin supporting Fe(III) was also applicable for the separation and preconcentration of As(V). 72 The recovery of As(V) was more than 90% in the pH range of 4 -6 as shown in Fig. 3 . The extraction of As(V) on the Fe(III)-supported CM-PEHA resin at pH 4 obeyed the Langmuir adsorption isotherm. The extraction capacity for As(V) was 0.16 mmol g -1 . It was interesting that the amount of As(V) extracted was approximately 2 times larger than that of Fe(III) supported on the CM-PEHA resin, although the amount of As(V) extracted was almost equal to that of Fe(III) in the lysine diacetic acid (LDA)-type chelating resin supporting Fe(III). 81 The extracted As(V) was able to be quantitatively eluted using 0.01 mol L -1 sodium hydroxide solution. In the elution step, a portion of Fe(III) supported on the CM-PEHA resin was also eluted; however, the quantitative extraction of As(V) was achieved by re-supporting Fe(III) before the extraction. As(III) was scarcely extracted on the Fe(III)-supported CM-PEHA resin at pH 1 -11 (Fig. 3) . After the oxidation of As(III) to As(V) using sodium hypochlorite solution, the formed As(V) was quantitatively extracted on the resin.
The solid-phase extraction using Fe(III)-supported CM-PEHA resin combined with ICP-AES was applicable to the analysis of the certified reference materials (EnviroMAT TM Ground Water ES-H-1) containing As(III). 72 The obtained value, 1.06 ± 0.01 mg L -1 (mean ± standard deviation, n = 3), was almost the same as the certified value (1.03 mg L -1 ) when oxidation using sodium hypochlorite solution was conducted. However, 0.863 ± 0.033 mg L -1 of As(V) was determined without oxidation. This may be due to the oxidation of As(III) to As(V) in nitric acid, which was contained in the certified reference material, during storage. As(V) could also be extracted using the CM-PEHA resin supporting Zr(IV).
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2·2 Presep ® PolyChelate
The potential of Presep ® PolyChelate, on which CM-PEI is immobilized as a functional group, was compared to those of the other commercially available chelating resins, including Nobias Chelate-PA1, [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] 27 The extraction capacities for Cu was 0.30 mmol g -1 for Presep ® PolyChelate; this value was 2 times larger than that for Nobias Chelate-PA1, whereas it was smaller than those for the other chelating resins. In the investigation of the effect of pH on the recoveries of 21 kinds of elements, Fig. 3 Effect of pH on the extraction of As(III) ( ) and As(V) ( ) using Fe(III)-supported CM-PEHA resin or the recovery of As(V) ( ) using CM-PEHA resin. , ) Batch method. Solution volume, 25 mL; As(III) or As(V), 1 mg L -1 ; shaking time, 1 h. ) Flow method. Extraction: solution volume, 100 mL; element, 10 μg; flow rate, 3 mL min -1 . Elution: 3 mol L -1 HNO3, 3 mL; final volume, 10 mL. Reproduced from Refs. 70 and 72 with permission. similar behavior was obtained for Cd, Co, Cu, Fe, Ni, Pb, Ti, V, and Zn when Presep ® PolyChelate, Nobias Chelate-PA1, Chelex 100, and NTA Superflow were used. For Cd, Cu, Co, Ni, and Zn, all of the recoveries were insufficient at pH 2; however, Presep ® PolyChelate gave the highest recovery at this pH level. This may be due to the high complex ability of the immobilized functional group, CM-PEI. Mo was quantitatively recovered using Presep ® PolyChelate and Nobias Chelate-PA1 under acidic and neutral conditions (Fig. 4) . 27 V was also efficiently recovered using these resins and NTA Superflow. On the other hand, Presep ® PolyChelate as well as Nobias Chelate-PA1 extracted scant amounts of Mg and Ca, whereas the other resin recovered these elements even under weakly acidic conditions. As shown in Fig. 5 , the quantitative recovery of the elements in artificial seawater was achieved at flow rates of up to 30 mL min -1 when using 6 mL of a cartridge packing 0.25 g of Presep ® PolyChelate. From these results, it can be seen that the potential of Presep ® PolyChelate as a chelating resin is comparable, or superior, to those of the other aminocarboxylic acid-type chelating resins used for this study.
The separation and preconcentration of Mo in seawater prior to its determination using ion chromatography (IC) was then demonstrated. 74 The sample solution (60 mL, pH 4.5), which was prepared by adding 30 mL of acetate buffer to 30 mL of seawater, was passed through 3 mL of a cartridge packing 0.10 g of Presep ® PolyChelate. The extracted Mo was quantitatively eluted using 6 mL of 0.1 mol L -1 sodium hydroxide solution. When 500 μL of the effluent, which was neutralized by passing it through the in-line neutralization device, was injected into an IC equipped with a suppression system, 6 -9 μg L -1 of Mo was determined (Fig. 6 ).
Chelating Fiber
Wet spinning is a simple and effective technique for the preparation of fiber, such as viscose rayon. In this technique, a solution containing base polymer is spouted to an appropriate coagulation solution. This technique is applicable for the preparation of fibers containing various materials, such as activated carbon, 94 graphene, 95 multi-walled carbon nanotube, 96 titanium dioxide, 97 and platinum nanoparticle, 98 as well as chelating ligand. 99, 100 Chelating fibers containing fine particulate CM-PEHA resin 101 and CM-PEI 102, 103 were prepared based on this technique, and the potential of the chelating fibers for the solid-phase extraction of elements was investigated.
3·1 Chelating fiber containing fine particulate CM-PEHA resin A chelating fiber was prepared with the wet spinning technique using a mixture of a viscose solution containing 8.8% (w/v) cellulose and a slurry containing 5% (w/w) of wet-milled CM-PEHA resin (average particle size, 0.28 μm). 101 The shape of the chelating fiber obtained was almost the same as that of rayon as shown in Figs. 7(A) and 7(B). The extraction capacity for Cu was 0.016 mmol g -1 . Since the capacity scarcely varied even when the chelating fiber was used repeatedly, the detachment of the CM-PEHA resin from the chelating fiber was ignored. The chelating fiber could quantitatively recover Cd, Cu, Fe, Ni, Pb, and Zn, which can be extracted on the CM-PEHA resin, at pH above 5. The recoveries were hardly affected by the flow rate, up to at least 20 mL min -1 . However, the recovery of Mo using the chelating fiber was insufficient compared to the CM-PEHA resin. This was attributed to the low content of the CM-PEHA resin in the chelating fiber. From these results, it can be seen that the wet spinning technique using a mixture of a viscose solution and a slurry containing fine particulate chelating resin is available for the preparation of chelating fiber. However, further study is required to increase the content of chelating resin in chelating fiber.
3·2 Chelating fiber immobilizing CM-PEI
The preparation of a chelating fiber was attempted using a mixture of a viscose solution containing 9% (w/w) cellulose and a solution containing CM-PEI, which was synthesized by the carboxymethylation of PEI (Epomin SP-200, Mw = ca. 10000, Nippon Shokubai) using sodium chloroacetate. 102, 103 The obtained chelating fiber was almost the same shape as rayon and the chelating fiber containing CM-PEHA resin (Figs. 7(A) , 7(B), and 7(C)). When the chelating fiber was immersed in a solution containing 40 mg L -1 of Cu for 10 min, 88% of Cu was extracted. The extraction capacity for Cu improved considerably compared with the chelating fiber containing CM-PEHA resin; the capacity was 0.28 mmol g -1 , which was comparable to that for Presep ® PolyChelate. 27 The extracted Cu was uniformly present on the chelating fiber ( Fig. 7(D) ), indicating that the CM-PEI was also homogeneously distributed. The chelating fiber showed good performance for the solidphase extraction of elements as shown in Fig. 8 . When 0.25 g of the chelating fiber was used, Mg, Ca, and Sr were barely extracted under acidic and neutral conditions, whereas high recoveries of Mo and V were obtained. Cd, Co, Cu, Fe, Ni, Pb, Ti, and Zn were also recovered at rates of more than 88% over a wide pH range. These elements were effectively recovered from the solution containing a large amount of sodium sulfate.
For comparison, a chelating fiber containing carboxymethylated polyallylamine (PAA-15, Mw = ca. 15000, Nittobo) was also prepared. 103 As shown in Fig. 8 , the extraction behavior using this chelating fiber was similar to that using the chelating resin immobilizing IDA. 27 Mg, Ca, and Sr were extracted even under weakly acidic conditions, although many transition elements were also quantitatively recovered.
Conclusions and Perspective
This review article presents an overview of the development of chelating materials (particulate-and fiber-forms) immobilizing CM-PEHA and CM-PEI. Their application for the separation and preconcentration of trace elements was also described. The CM-PEHA resin is extremely useful for solid-phase extraction of trace elements in real samples containing large amounts of alkali and alkaline earth elements, such as environmental water and industrial wastewater and effluent. Presep ® PolyChelate, which is developed based on the results for the CM-PEHA resin, is readily utilized because it is commercially available. The performance of Presep ® PolyChelate is superior to those of many aminocarboxylic acid-type chelating resins that are commercially available. Presep ® PolyChelate is expected to find applications in various analytical situations, including analyses of food and biological samples as well as water samples. However, it is not clear why excellent performance was observed when CM-PEHA and CM-PEI were immobilized on the resin. In a bid to clarify this, further studies are in progress.
The chelating fiber containing the fine particulate CM-PEHA resin can be prepared with the wet spinning technique using a mixture of a viscose solution and a slurry containing the resin. The wet spinning technique is also applicable to preparing the chelating fiber immobilizing CM-PEI. For the solid-phase extraction of elements, the potential of the chelating fiber immobilizing CM-PEI is comparable to that of Presep ® PolyChelate. Since the wet spinning technique using a solution containing base polymer and polymer ligand is simple and effective and would be readily applicable to the production of chelating fibers using a conventional production line on a large scale, the chelating fiber prepared by this technique could be provided to users at low cost. This technique would also be applicable for the preparation of many kinds of chelating fibers. The processing of the chelating fiber into various forms will be investigated to improve its usability and to simplify the operation in the solid-phase extraction technique.
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